Introduction: Due to the high prevalence of
INTRODUCTION
Actinic keratosis (AK) is a common skin condition characterized by dysplastic lesions of keratinocytes that have the potential to become malignant [1, 2] . Infiltrative transformation of AK grade III lesions to invasive squamous cell carcinoma (SCC) was believed to occur via a classical pathway involving sequential progression from grade I through to grade III AK. However, recent findings indicate that invasive SCC can expand directly from a grade I AK lesion [3] . Owing to the high prevalence of AK, the risk of lesions becoming cancerous, and the inability to predict which lesions will progress to SCC, this justifies the treatment of all AK lesions regardless of grade [4, 5] .
Current options for the topical treatment of AK lesions include diclofenac, hyaluronic acid, 5-fluorouracil (5-FU), imiquimod, and ingenol mebutate [6] [7] [8] . Lesion-or field-directed therapy is indicated subject to the specific characteristics of the lesions to be treated (e.g., their number, localization, extent, and clinical course) and patient features (e.g., age, comorbidities, and other risk factors) [9, 10] .
Historically, lesion-directed treatments have been the most common approach for treating a single lesion, whereas field-directed therapies, which aim to treat areas with multiple AK lesions of varying degrees of severity, including sub-clinical (non-visible) lesions [9] , are now preferred if lesion and patient characteristics permit [11] .
5-FU 0.5%/salicylic acid 10% (Actikerall Ò , Almirall S.A.) is indicated for the topical treatment of slightly palpable and/or moderately thick hyperkeratotic AK lesions (grade I/II according to Olsen et al. 1991 [12] ) in immunocompetent adults, with an option to simultaneously treat multiple AK lesions, up to a maximum of 10 lesions in a total skin area of 25 cm 2 [13] . However, only a maximum rim of 0.5 cm of healthy skin surrounding the lesions can come into contact with 5-FU 0.5%/salicylic acid 10%.
Here we report new efficacy and safety data from the first randomized controlled trial investigating the efficacy and safety of 5-FU 0.5%/salicylic acid 10% when applied as field-directed treatment to a contiguous area of 25 cm 2 in a field cancerization area on the face, bald scalp, or forehead of patients with [4] [5] [6] [7] [8] [9] [10] clinically confirmed AK lesions (grade I and II).
METHODS

Study Design and Ethical Conduct
This phase III, multicenter, randomized, double-blind, vehicle-controlled study (ClinicalTrials.gov identifier: NCT02289768) was conducted at 14 sites in Germany and the UK. There were five treatment visits and a follow-up visit 8 weeks after the final treatment application, regardless of whether a patient had completed 12 weeks of treatment or prematurely discontinued from treatment ( Fig. 1 ). Findings from a sub-study that examined the effect of 5-FU 0.5%/salicylic acid 10% on sub-clinical AK lesions using reflectance confocal microscopy (RCM) in a group of 30 patients will be published separately. left uncovered, and study medication was allowed to dry to enable a film to form over the area. Prior to daily re-application of the medication, the film coating was peeled off and the skin washed with water and a damp cloth.
Patients were instructed to not apply medication to bleeding lesions.
The location of the treated area was chosen according to the ability of the patient to conveniently apply study medication on a daily basis. A plastic template was used to mark and later identify the same 25 cm 2 treated area. The first and final treatment applications were performed at the study center by study staff.
Study Assessments and Endpoints
The primary endpoint was the proportion of this was always performed 8 weeks post last treatment, regardless of whether the patient had completed the 12-week treatment period or had prematurely discontinued from the study.
The reporting of AEs was elicited by asking patients non-leading questions and by collecting information regarding the AEs spontaneously reported by the patients to study staff.
Statistical Analysis
It was determined that a total of 146 patients (97 receiving active treatment, 49 receiving vehicle) was required to complete the study to provide 80% power to detect as ''significant'' a difference of 25% between 5-FU 0.5%/salicylic acid 10% and vehicle in the proportion of patients with CCC, assuming a clearance rate in the active group of 50% and a clearance rate in the vehicle group of 25%. To allow for an estimated 10% dropout rate, approximately 162 patients (108 receiving treatment, 54 receiving vehicle) were to be randomized.
The primary endpoint (CCC) comparison of 5-FU 0.5%/salicylic acid 10% versus vehicle was analyzed using the Cochran-Mantel-Haenszel test statistic adjusting for anatomical site (face/ scalp) and baseline (number of AK lesions). The number and proportion of responders for each treatment group, odds ratio (OR), corresponding 95% confidence interval (CI), and the two-sided P value associated with the Cochran-Mantel-Haenszel test were calculated.
The 95% CI for the proportion of patients with CCC was calculated using the exact binomial test.
The secondary endpoint of the proportion of patients with CCC of AK lesions in the treatment field at each treatment visit was analyzed in the same way as the primary efficacy variable. Other secondary endpoints and safety data were analyzed using descriptive statistics. Missing efficacy data were handled using the last observation carried forward (LOCF). An analysis of covariance model with treatment arm and anatomical site as factors and baseline as covariate was used for the analysis of total and individual domain scores of the TSQI and DLQI. All secondary endpoints were analyzed using the intent-to-treat (ITT) population only.
RESULTS
Patients
This study was conducted between 17 October 2014 and 10 August 2015. Of the 175 patients screened, 166 were randomized. Of these, 111 patients received 5-FU 0.5%/salicylic acid 10%
(108 patients in the safety and ITT populations) and 55 patients received vehicle (Fig. 2) .
Baseline demographics were similar between the groups, with slightly more female patients in the active treatment arm (14.8%) versus vehicle (7.3%; Table 1 ). At baseline, 56.6% of lesions were classified as grade I and 43.4% were classified as grade II; similar ratios of grade I and grade II AK lesions were present in each treatment arm.
Efficacy
The percentage of patients with CCC 8 weeks after the end of treatment (primary endpoint) was significantly higher in the 5-FU 0.5%/ salicylic acid 10% arm compared with vehicle in both the ITT and per protocol (PP) populations [ITT LOCF: 49.5% vs. 18.2%; OR 3.9 (95% CI 1.7, 8.7) P = 0.0006 (Fig. 3a) ; PP LOCF: 55.1% vs.
19.6%; OR 5.1 (95% CI 2.1, 12.2) P = 0.0002]. During treatment, there were no significant differences between 5-FU 0.5%/salicylic acid 10% and vehicle (Fig. 3b) ; however, it should be noted that it can be difficult to assess lesion counts during treatment because of irritation at the site of administration.
Eight weeks after the end of treatment, the proportion of patients who achieved PC of AK lesions was significantly greater in the 5-FU 0.5%/salicylic acid 10% arm than in the vehicle arm [69.5% vs. 34.6%; OR 4.9 (95% CI 2.3, 10.5) P\0.0001 (Fig. 4) ]. The proportional reduction from baseline in the total number of AK lesions per patient was significantly greater with 5-FU 0.5%/salicylic acid 10% than with vehicle: 78.0% versus 46.9%, respectively; P\0.0001 (Fig. 5) . For both PC and reduction in lesion count, there were no significant differences between the treatment groups at each visit of the 12-week treatment period. At 8 weeks after the end of treatment, a higher proportion of AK lesions in the active treatment arm had transitioned from grade I/II to grade 0 compared with the vehicle arm (Fig. 6) .
Assessment of treatment efficacy according to PGA found that for 5-FU 0.5%/salicylic acid 175 patients screened Excluded, n = 9 Did not meet inclusion/ exclusion criteria: n = 1 Declined to participate: n = 8 The clinical impact of AK lesions on the DLQI individual domains at baseline was low, with symptoms and feelings being the most affected. As shown in Table 2 , improvement in DLQI total score was statistically greater for vehicle versus 5-FU 0.5%/salicylic acid 10% during the treatment phase; this was attributed to local skin reactions associated with 5-FU 0.5%/salicylic acid 10%. However, the improvement in DLQI total score switched in favor of 5-FU 0.5%/salicylic acid 10% 8 weeks after the end of treatment, although this was not statistically significant (P = 0.0725; Table 2 ; Supplementary Fig. S1 ).
5-FU/SA
Safety
The incidence of treatment-emergent AEs (TEAEs) was slightly higher in the 5-FU 0.5%/ salicylic acid 10% study arm compared with Follow-up Fig. 3 Proportion of patients with complete clinical clearance a of AK lesions in the treatment field a at 8 weeks after the end of treatment (intent-to-treat population) and b during treatment (after 2, 4, 6, and 12 weeks) and 8 weeks after the end of treatment (intent-to-treat population). *P = 0.0006. Analysis was performed using the Cochran-Mantel-Haenszel test, adjusting for anatomical site and baseline. The last observation carried forward was used for missing data; however, for 5-FU/SA, three patients had only baseline data available so it was not possible to replace the missing data.
a Complete clinical clearance defined as all lesions cleared and lesion count of zero at each visit. 5-FU/SA 5-fluorouracil 0.5%/salicylic acid 10%, AK actinic keratosis Treatment was discontinued as a result of a TEAE in two (1.9%) patients in the 5-FU 0.5%/ salicylic acid 10% study arm; no patients in the vehicle arm discontinued treatment because of TEAEs. One discontinuation was because of application-site bleeding, which was deemed to be related to treatment, and one discontinuation was because of bladder neoplasm, which was not deemed to be treatment related. There were no deaths during the study.
DISCUSSION
Field-directed treatment of AK may offer the most effective means of eliminating both clinical and subclinical lesions, thereby preventing progression to invasive SCC [14] .
Our study, the first randomized controlled trial of field-directed therapy with 5-FU/SA, showed that field-directed treatment of AK lesions with 5-FU 0.5%/salicylic acid 10% applied once daily via topical administration for 12 weeks was associated with significantly higher rates of CCC at 8 weeks after the end of treatment compared with vehicle. PC of AK lesions and the proportional reduction from baseline in total number of AK lesions followed similar trends. In addition, at 8 weeks after the end of treatment, the severity of AK lesions was reduced to a greater extent with 5-FU 0.5%/salicylic acid 10% than with vehicle. those in the present study [15] . In the previous study, histological clearance at 8 weeks, the primary study objective, was achieved in 72.0% of patients, a significantly higher rate than that achieved following treatment with diclofenac 3% in hyaluronic acid (59.1%; P\0.01) and vehicle (44.8%; P\0.0001).
Low-dose 5-FU 0.5%/salicylic acid 10% was also superior to diclofenac 3% in hyaluronic acid and vehicle in terms of CCC (55.4% vs.
32.0% and 15.1% for diclofenac 3% in hyaluronic acid and vehicle, respectively;
P\0.001 for both comparisons). In a 12-month follow-up study [16] , the percentage of sustained clearance of AK lesions was higher for 5-FU 0.5%/salicylic acid 10% (85.8%) versus diclofenac 3% in hyaluronic acid (81.0%; P = 0.02) and vehicle (79.8%; P = 0.04).
A recent review of topical treatments for AK lesions suggested that 5-FU 0.5%/salicylic acid 10% was associated with a higher incidence of CCC than imiquimod 2.5% and 3.75% and ingenol mebutate [17] . It should be noted that the 5-FU 0.5%/salicylic acid 10% treatment group also included patients with hyperkeratotic lesions, which are more severe and have a potentially higher rate of malignant transformation [18, 19] ; these were not included in the imiquimod and ingenol mebutate studies [17] . Longer-term clinical trials need to be carried out to validate these findings.
At the end of the active treatment period, lesion counts were similar between 5-FU 0.5%/ salicylic acid 10% and vehicle arms, a finding that may be attributable to ongoing difficulties in lesion assessment caused by irritation at the site of administration of both 5-FU/SA and vehicle. However, it is also possible that vehicle itself may have had a mild therapeutic effect mediated via an unknown mechanism; DMSO has a known irritant effect [13] and may thus activate the skin's defense mechanisms [15] . Eight weeks following the end of treatment, 5-FU 0.5%/salicylic acid 10% was associated with a significant 78% decrease in the number of AK lesions. This is comparable to the corresponding decrease in lesion count of approximately 70% observed in a non-interventional study of 1051 patients [20] . Analysis was based on an ANCOVA model in the change from baseline in total score and individual domains of the DLQI questionnaire adjusted by the correspondent baseline as covariate and treatment group and anatomical site as factors. The DLQI is calculated by summing the score of each question, resulting in a maximum of 30 and a minimum of 0. The higher the score, the more quality of life is impaired. In the 5-FU/SA group, for all scores n = 91-92 at week 12 and n = 100-101 at 8 weeks post treatment; in the vehicle group n = 50-51 at week 12 and n = 53-54 at 8 weeks post-treatment 5-FU/SA 5-fluorouracil 0.5%/salicylic acid 10%, ANCOVA analysis of covariance, DLQI Dermatology Life Quality Index, LS least squares
It should be borne in mind that 48.6% (498/ 1025) of patients in the study by Szeimies and colleagues received 5-FU 0.5%/salicylic acid 10% treatment for less than 6 weeks, which may account for the slight difference in lesion count reduction. Given that treatment with 5-FU 0.5%/ salicylic acid 10% was associated with a greater number of lesions transitioning from grade I/II to grade 0 than with vehicle, this suggests that active treatment affects the histopathology of the AK lesions. Two small (case series) studies using RCM recently determined that field-directed 5-FU 0.5%/salicylic acid 10% for up to 6 weeks of treatment was effective not only for investigating the transitioning of clinically visible lesions from a higher to lower grade, but also for clearing sub-clinical lesions after field-directed treatment [21, 22] . The results from the RCM sub-study in a group of 30 patients from the current study will be published separately. group and two patients (3.6%) in the vehicle group. The number of patients for whom the investigator considered that administration-site local skin reactions justified treatment discontinuation was low (5-FU 0.5%/salicylic acid 10% arm: n = 1; vehicle arm: n = 0).
Conservatively taking these numbers into account, treatment discontinuation rates due to safety/tolerability issues were low in this study.
One potential limitation of our study was the higher incidence of local skin reactions in the 5-FU 0.5%/salicylic acid 10% arm, which may have compromised the blinding of the study. However, the incidence of local skin reactions in the vehicle group, which are similar to those reported previously in a pivotal clinical trial using a lesion-directed approach [15] and may have been linked to the irritant effects of dimethyl sulfoxide that are part of the known safety profile of 5-FU 0.5%/salicylic acid 10% [13] , minimized the unblinding risk. Also, during the 8-week period after the end of treatment, patients were expected not to use further treatments for AK lesions, which may have proven difficult for some patients. However, the specification that patients had grade I/II lesions, rather than more severe AK, may have helped avoid the situation where additional treatment was required. While it is clearly important to evaluate clinical endpoints, selecting endpoints that only included clinical evaluation of lesions could be regarded as a potential limitation of the study. Good correlation between routine histology and the results of RCM, a novel non-invasive imaging technique that allows the in vivo evaluation of skin at near-histological resolution, has been reported previously [25] . Results from the RCM sub-study in a group of 30 patients from the current study will be published separately.
A strength of the present study was the inclusion of patients with hyperkeratotic lesions, which enables demonstration of the efficacy of 5-FU 0.5%/salicylic acid 10% against these more clinically severe lesions. In addition, the findings from this first randomized study with field-directed therapy with 5-FU/SA are robust, with consistency across all reported variables, both objectively measured and patient-reported. 
